Terahertz radiation from InSb and InAS, which are typical narrow band-gap semiconductors, was investigated using time-resolved THz emission measurements. When we compared between the polarity of the THz waveforms of these narrow band-gap semiconductors with that of InP, which is a wide bandgap semiconductor, we concluded that the ultrafast buildup of the photo-Dember field is the main mechanism for the emission of THz radiation in both InAs and InSb. The emission efficiency of InSb is approximately one-hundredth of that of InAs, although the electron mobility in InSb is higher than in InAs. Wavelength-dependent measurements implied that the anomalously low THz emission efficiency of InSb might be due to a reduction in transient mobility resulting from the scattering of electrons into the low-mobility L valley.
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I. INTRODUCTION
Narrow gap semiconductors have attracted much attention as emitters of THz radiation upon irradiation with femtosecond laser pulses because InAs, a typical narrow bandgap semiconductor, has been found to have the highest emission efficiency of the bulk semiconductors investigated to date and to show a strong enhancement of emission efficiency under a magnetic field. 1 However, the THz emission mechanism in such narrow band-gap semiconductors is not yet fully understood. Narrow band-gap semiconductors tend to have high electron mobilities, which are thought to be one of the reasons for their high THz emission efficiency. For example, InAs has a mobility of ϳ30 000 cm 2 /V/s ͑band-gap E g ϭ0.36 eV͒. InSb, another typical narrow band-gap semiconductor, has a higher mobility of ϳ76 000 cm 2 /V/s (E g ϭ0.1 eV͒. Therefore, we would expect InSb to be as efficient as InAs in emitting THz radiation. In fact, however, InSb is not as efficient as InAs, as we reported in a previous paper: 2 the THz power observed from InSb was a mere onehundredth of that observed for InAs ͑without a magnetic field bias͒. The purpose of this work was to investigate the anomalously low emission efficiency of InSb as well as to investigate the emission mechanisms in these narrow bandgap semiconductors.
The THz emission mechanisms in bulk semiconductors are categorized into nonlinear and linear processes: the nonlinear process is explained as the optical rectification of ultrafast laser pulses in semiconductors, 3 and the linear process is explained by the current-surge model on the semiconductor surface induced by photoexcitation. The current surge is thought to have two origins: ͑1͒ the acceleration of photoexcited carriers by the surface depletion field, and ͑2͒ the photo-Dember effect originating from the difference between the diffusion velocities of the electrons and holes ͑electrons gain much faster velocity due to their higher mobility compared to holes͒. In semiconductors with a wide band gap, such as GaAs (E g ϭ1.43 eV͒ or InP (E g ϭ1.34 eV͒, we would expect the contribution of the photo-Dember effect to be negligible because the absorption depth is relatively long ͑the photo-Dember field is proportional to the carrier-density gradient͒ and the depletion field is generally strong. 4 For narrow band-gap semiconductors, on the other hand, the depletion field is generally weaker because of the small band-gap energy. In the excitation with near-infrared light (hϳ15 eV͒ of a narrow band-gap semiconductor, the absorption depth is very short ͑ϳ100 nm͒, 5 and the photoexcited electrons gain much kinetic energy from the large amount of excess energy in the excitation. These conditions, as well as high electron mobility, enhance the photo-Dember effect in narrow band-gap semiconductors. Consequently, the ultrafast buildup and relaxation of the photo-Dember field may be an efficient mechanism for generating THz radiation in narrow band-gap semiconductors.
In this work, we prepared n and p types of InSb and InAs and observed the THz radiation emitted from these samples using a time-resolved detection system. First, we measured the azimuthal angle dependence of the THz radiation amplitude to investigate the contribution from the nonlinear process to THz emission. We then checked the polarity of the waveforms for the n-and p-type samples, from which we were able to judge which surge-current mechanism was dominant. If the photo-Dember effect is dominant, the polarity of the waveform will remain the same for n-and p-type samples because the direction of carrier diffusion will not change with the type of doping, while the polarity will flip depending on the type of doping because the depletion-field a͒ direction flips according to doping type. Lastly, we investigated the excitation-wavelength dependence. The results of the wavelength-dependent measurements indicated that intervalley scattering, which may considerably reduce transient mobility, is important and may thus be the reason for the low THz emission efficiency in InSb.
II. EXPERIMENT
In our experiment, a mode-locked Ti:sapphire laser pulse with a 40 fs pulse width, a 76 MHz repetition rate, and a central wavelength of 800 nm was used as the pump laser to excite the samples and to gate a photoconductive ͑PC͒ antenna detector. The angle of incidence of the pump laser beam on the sample was 45°, and the radiation emitted in the direction of optical reflection was collected and focused onto the PC antenna detector using a pair of parabolic mirrors. The pump beam was p polarized and the maximum averaged power at the sample surface was about 80 mW. The PC detector consisted of a 30-m-long dipole antenna with a 5 m photoconductive gap, coplanar transmission lines coupled to the antenna, and a photoconductive substrate layer beneath the antenna electrodes. The photoconductive substrate was an annealed low-temperature-grown GaAs film grown on a 0.4-mm-thick semi-insulating GaAs substrate. The timeresolved wave forms of the radiation were obtained from the DC photocurrent in the antenna detector by varying the delay time between the pumping and gating pulses. The samples used are listed in 18 cm Ϫ3 . The InP samples were also used as the reference. The band-gap energies at room temperature, as well as the mobilities, are also listed in the table. All measurements were carried out at room temperature.
III. RESULTS AND DISCUSSION

A. Azimuthal angle dependence
Taking the surface normal as the x axis and the reflection plane as the x-y plane, the electronic polarization P induced in a zinc-blende semiconductor due to optical rectification for the ͑111͒ and ͑100͒ surfaces is expressed by Eqs. ͑1͒ and ͑2͒, respectively: 
Here, is the angle between the surface normal and the excitation laser beam refracted inside the sample, and is the azimuthal angle of the sample orientation around the x axis. E is the electric field amplitude of the pump laser, and d 14 (ϭ0) is the nonlinear susceptibility coefficient for optical rectification. As THz radiation was detected in the reflection geometry for p polarization, the observed THz field amplitude is expected to be proportional to
where THz is the refraction angle of THz radiation at the interface between the sample surface and air. The refraction angles for the optical and THz beam were determined by the generalized Snell's law as sin 45°ϭn opt sin ϭn THz sin THz , ͑3b͒
where n opt and n THz are the refractive index for the pump laser and THz radiation, respectively. For the pump-laser wavelength of 800 nm, is 10.9°, 9.0°, and 11.8°for InAs, InSb, and InP, respectively. For THz radiation, THz is estimated to be 10.9°, 21.5°, and 11.9°for InAs, InSb, and InP, respectively. Using these values, the azimuthal angle dependence of the radiation amplitude due to optical rectification can be written as follows:
Eϰ͑0.773 cos 3Ϫ0.153͒d 14 for ͑ 111͒ InAs, ͑4a͒
Eϰ0.182 sin 2d 14 for ͑ 100͒ InAs, ͑4b͒
EϰϪ0.069 sin 2d 14 for ͑ 100͒ InSb, ͑4c͒
Eϰ0.199 sin 2d 14 for ͑ 100͒ InP. ͑4d͒
In our experimental configuration, the nonlinear contribution was proportional to the azimuthal angular ͑͒ modulation of cos 3 with a small dc offset for ͑111͒-oriented crystals, and sin 2 for ͑100͒-oriented crystals. The constants before the cos 3 or sin 2 function in Eqs. ͑4a͒-͑4d͒ represent the geometrical factors of the nonlinear contribution for the 45°p ump-incidence on the samples. Although nonlinear optical rectification coefficients, d 14 (ϭ0), for InSb, InAs and InP are not known, the second harmonic generation coefficients, d 14 (2), may be helpful in indicating the relative magnitude of d 14 (ϭ0) among the samples: d 14 (2) at 1.06 m is 520Ϯ47, 364Ϯ47, and 167.0 pm/V for InSb, InAs, and InP, respectively. 7 Figure 1͑a͒ shows the azimuthal angle dependence measured for the ͑111͒ InAs sample. A pronounced angle dependence is observed ͑solid squares͒, which agrees well with the 3-dependence described by Eq. ͑4a͒ ͑solid line͒. From the angle-dependent part of the THz radiation, we can estimate the ratio of the nonlinear contribution to the total radiation amplitude. In the case of the ͑111͒ InAs sample, the nonlinear contribution to the total radiation amplitude with estimated to be 40%. The azimuthal angle dependence for the ͑100͒-oriented n-InSb sample is shown in Fig. 1͑b͒ by the solid circles. There is also a small angle dependence, which agrees well with the 2-dependence described by Eq. ͑4b͒ ͑solid line͒. The ratio of the nonlinear contribution to the total radiation amplitude is estimated to be 6% from the magnitude of the angle-dependence component ͑solid line͒. It should be noted that the small nonlinear contribution arises from the off-normal incidence of the pump-laser beam ͑45°i n this case͒, because the nonlinear electro-optic effect is always zero for the normal incidence of the excitation laser beam for ͑100͒-oriented zinc-blende crystals. The azimuthal angle dependences for the other ͑100͒-oriented samples were as weak as the dependence observed for the ͑100͒-oriented n-InSb sample. From the results of the azimuthal angle dependence, we can conclude that the nonlinear contribution to THz radiation was not very significant for ͑100͒-oriented samples, although for ͑111͒-oriented samples we have to take the nonlinear contribution into consideration.
The contribution of the surge-current alone to THz emission can be investigated by completely suppressing the nonlinear contribution by choosing the appropriate azimuthal angle depending on the crystal orientation. That is, when we use an azimuthal angle of 26°for ͑111͒ InAs and 90°for all ͑100͒-oriented samples, the nonlinear contribution is effectively zero ͓Eqs. ͑4a͒-͑4d͒ equal zero͔. In the following measurements of THz waveforms, we employed such angles to reduce the nonlinear contributions.
B. Polarity of waveforms
The time-domain wave forms for both types of InSb and InAs samples are shown in Figs. 2͑a͒ and 2͑b͒ , respectively. The THz-radiation waveforms of n-and p-InP are shown in Fig. 2͑c͒ for comparison. The azimuthal angle of crystal orientation was set near 26°for the n-InAs͑111͒ sample and 90°f or the other ͑100͒-oriented samples to suppress the contribution from the optical rectification effect. It is known that the generation of THz radiation from InP originates mostly from the ultrafast screening of the surface depletion field by the photoexcited carriers. 4 THz radiation due to screening of the surface depletion field flips its polarity for the opposite type of doping due to the reversal of the direction of the surface depletion field, as is clearly shown in Fig. 2͑c͒ . However, when THz radiation is emitted by the photo-Dember effect, which originates from the different diffusion coefficients of electrons and holes, the polarity of the THz radiation remains the same for n-type and p-type semiconductors because the diffusion coefficient of electrons is always bigger than that of holes, irrespective of the doping type of the semiconductor. The THz waveforms of n-type and p-type samples have the same polarity, as shown in Figs. 2͑a͒ and 2͑b͒, for both InSb and InAs. In addition, their polarity is the same as that of the n-InP ͑the direction of the surface depletion field of the n-InP is expected to be the same as that of the photo-Dember field͒. These results suggest that the principal excitation mechanism of THz radiation in InSb and InAs is an ultrafast buildup and relaxation of the photoDember field.
Deeper insight into the mechanism of THz emission can be obtained by considering the electronic properties of narrow band-gap semiconductors. The surface depletion fields of InAs and InSb should be much smaller than that of InP due to their low band-gap energy. For 800 nm light, the penetration depth ͑d͒ for InSb and InAs is calculated to be 94 nm and 142 nm, respectively, while that of InP is 304 nm. Electron mobility ( e ) and excess energy (⌬E) in InSb ( e ϭ76 000 cm 2 /V/sec, ⌬Eϭ1.38 eV͒ and InAs ( e ϭ30 000 cm 2 /V/sec, ⌬Eϭ1.18 eV͒ with 800 nm light excitation ͑1.55 eV͒ are much higher than those of InP ( e ϭ4000 cm 2 /V/sec, ⌬Eϭ1.21 eV͒ because of their narrow band gaps ͑see Table I͒. All these conditions suggest the existence of a large photo-Dember field for InSb and InAs under 800 nm optical excitation. Thus, we conclude the main source of THz radiation for InAs and InSb is the photoDember field, not the screening of the surface depletion field. The radiation amplitude of the n-type InAs and n-type InSb is a little bigger than that of their p-type counterparts. This suggests that there might be an enhancement of THz radiation due to the surface depletion field because the direction of the surface depletion and photo-Dember fields is the same in n-type semiconductors.
C. Wavelength dependence
Steady-state photo-Dember voltage (V D ) is described by the following equation:
͑5͒
Here, bϭ e / p is the mobility ratio of the electrons ( e ) and holes ( h ), and n 0 , p 0 , and T are the initial density of the electrons and holes, and the temperature of photoexcited electrons and holes, respectively. This equation tells us that the photo-Dember effect is enhanced by higher levels of electron mobility ( e ϰb) and electron excess energy (⌬E ϰT e ). Narrow band-gap semiconductors possess conditions that favor the creation of a large photo-Dember field, that is, the high levels of electron mobilities and excess carrier energies. Moreover, the photo-Dember field (V D /d, d: absorption layer depth͒ in narrow band-gap semiconductors is further enhanced by the thin absorption depth. On the other hand, we would expect the surface depletion field to be small because of the small band-gap energy, in contrast to that in wide-gap semiconductors. It is noteworthy that, according to Eq. ͑5͒, a lower residual electron and hole concentration (n 0 and p 0 ) are preferable, and that the pump intensity (Iϰ⌬n) dependence of photo-Dember voltage is expected to be linear at a low intensity regime (ϰ to I) and proportional to ln(⌬n)ϰln(I) at a high intensity regime (⌬nӶn 0 , p 0 ). ͑ It is also known from Eq. ͑5͒ that the photo-Dember voltage does not depend strongly on parameter b ͑the ratio of the electron and hole mobilities͒ when b is large enough (Ͼ10), which is the case for InSb (bϭ95) and InAs (bϭ125). Because of the short penetration depth of InSb ͑92 nm͒, the photo-Dember field (EϳV D /d) in InSb should be almost twice as big as that of InAs ͑142 nm͒ for 800 nm light excitation. In addition, the electron mobility of InSb is about twice as great as that of InAs. Because the emitted THz-radiation-field amplitude is proportional to the acceleration field and electron mobility ͑surge current ⌬iϰe e E), we would expect the THz emission efficiency of InSb to be about four times greater in amplitude and therefore 16 times greater in power than that of InAs. However, the experimental results did not support this simple theoretical prediction. The unexpectedly low THz emission of InSb might be explained by reduction of the transient mobility due to intervalley scattering of electrons to the L valley, where we would expect electron mobility to be considerably lower. Because the energy of the L valley from the top of the valence-band edge ͑the ⌫ point͒ is 1.03 eV ͑corresponding to 1.2 m͒ in InSb, the electrons are easily scattered into the L valley by 800 nm light excitation (h ϭ1.55 eV͒. On the other hand, as the energy of the L valley is 1.53 eV ͑the energy barrier is higher than this value͒ in InAs, we would expect the scattering of electrons to the L valley to be not so efficient and most of electrons to remain in the ⌫ valley under the same 800 nm light excitation.
Since the rate of intervalley scattering strongly depends on the excitation wavelength, the wavelength dependence of THz radiation provides important information on the suggested mechanism. Figure 3 shows the THz radiation wave forms of n-InAs ͑111͒ at 780 nm excitation for a power of 3.3 mW ͑solid curve͒ and at 1.55 m excitation for a power of 9.0 mW ͑dotted curve͒. When the amplitude signal was normalized with the respective pump and probe-beam power, the THz emission efficiency at 1.55 m was estimated to be almost one order of magnitude lower than that at 780 nm. The long penetration depth (dϭ590 nm͒ and smaller amount of excess energy (⌬Eϭ0.44 eV͒ at a 1.55 m excitation should give about one-sixth the photo-Dember field of that expected at a 780 nm excitation (dϭ140 nm, ⌬Eϭ1.23 eV͒ if the simple theory of the photo-Dember effect is valid ͑note that the photon number for 1.55 m light was doubled with the same power for 780 nm light͒. Thus, the photo-Dember field model agrees reasonably well with the experimental results at different wavelengths for InAs.
In contrast to the case of InAs, Howells et al. 9 reported that the emission efficiency of THz radiation from InSb increases by about six times in amplitude ͑normalized by the photon numbers͒ at 1.9 m excitation compared to that at 800 nm. This observation is inconsistent with the photoDember model, which predicts a considerable decrease in THz emission efficiency at 1.9 m compared to that at 800 nm because of the long penetration depth for 1.9 m light. However, this result can be explained if we assume a significant reduction in transient mobility due to the L-valley scattering of electrons, as Howells et al. also suggested in their paper. In fact, Nuss et al. 10 reported a significant drop in mobility due to intervalley scattering in GaAs. Although further experimental studies are needed to come to a definite conclusion, we believe that intervalley scattering plays an important role in the THz emission mechanism of the semiconductors and explains the low THz emission efficiency observed for InSb with 800-nm excitation.
IV. CONCLUSIONS
In conclusion, we studied the emission properties of THz radiation from typical narrow band-gap semiconductors, InSb and InAs, by measuring the azimuthal angle dependence and time-domain wave forms using a time-resolved detection system. By comparing the polarity of the THz radiation from n-and p-type samples, we concluded that the main mechanism for the emission of THz radiation from InSb and InAs is the ultrafast buildup and relaxation of the photo-Dember field. The photo-Dember model can explain the result of the THz emission efficiency observed at 1.55 m and 780 nm excitation for InAs, however, it disagrees with the result of the wavelength dependence reported for InSb. We suspect that the low emission efficiency of InSb at shorter wavelengths is due to a significant reduction in transient mobility caused by electron scattering to the lowmobility L valley in InSb.
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